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1  | INTRODUC TION

Breast cancer, in which malignant tumors occur in breast epithelial 
tissue, is the most common cancer among adult women worldwide. 

The global incidence of breast cancer has been on the rise since the 
late 1970s.1- 3

Glycoprotein non– metastatic melanoma protein B (GPNMB), a 
type I transmembrane protein, is highly expressed in various can-
cers, including breast cancer. A high level of GPNMB expression is 
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Abstract
Breast cancer is the most common cancer among women. Glycoprotein non– 
metastatic melanoma protein B (GPNMB), a type I transmembrane protein that is 
highly expressed in many cancers, including breast cancer, has been shown to be a 
prognostic factor. We previously reported that GPNMB overexpression confers tum-
origenic potential, as evidenced by invasive tumor growth in vivo, sphere formation, 
and cellular migration and invasion to non– tumorigenic mammary epithelial cells. In 
this study, we focused on the serine (S) residue in the intracellular domain of GPNMB 
(S530 in human isoform b and S546 in mouse), which is predicted to be a phospho-
rylation site. To investigate the roles of this serine residue, we made an antibody 
specific for S530- phosphorylated human GPNMB and a point mutant in which S530 
is replaced by an alanine (A) residue, GPNMB(SA). Established GPNMB(SA) overex-
pressing cells showed a significant reduction in sphere formation in vitro and tumor 
growth in vivo as a result of decreased stemness- related gene expression compared 
to that in GPNMB(WT)- expressing cells. In addition, GPNMB(SA) impaired GPNMB- 
mediated cellular migration. Furthermore, we found that tyrosine kinase receptor 
signaling triggered by epidermal growth factor or fibroblast growth factor 2 induces 
the serine phosphorylation of GPNMB through activation of downstream oncopro-
teins RAS and RAF.

K E Y W O R D S

breast cancer, cancer stem cell, GPNMB, sphere formation, tumorigenesis

www.wileyonlinelibrary.com/journal/cas
mailto:
https://orcid.org/0000-0002-7279-4634
https://orcid.org/0000-0001-9905-2473
http://creativecommons.org/licenses/by-nc/4.0/
mailto:yukari-okita@md.tsukuba.ac.jp


4188  |     WANG et Al.

reported to be associated with poorer prognosis. There is increasing 
evidence that GPNMB is involved in cancer initiation and progres-
sion; thus, it is seen as a promising therapeutic target.4- 8

We previously demonstrated that GPNMB induces tumorigenic 
abilities in breast epithelial cells by overexpressing GPNMB.9,10 
GPNMB- expressing cells show epithelial- mesenchymal transition 
(EMT)- like phenotypes, such as the cadherin switch, increased cel-
lular migration and invasion, and anchorage- independent growth 
potential.9- 13 Furthermore, we showed that cell surface localized 
GPNMB is mainly found in the dormant breast cancer cells and in-
duces stem- like properties through the tyrosine residue in its hemi– 
immunoreceptor tyrosine- based activation motif (ITAM).14,15

Another phosphorylation site, serine (S) 530, in the intracellular 
domain of human GPNMB isoform b, has been predicted based on 
data in the eukaryotic linear motif (ELM) database.16,17 Therefore, 
in the present study, we focused on S530 in humans and the cor-
responding site in mouse GPNMB, S546, to clarify the involve-
ment of the serine site in GPNMB- induced tumorigenic potential. 
Accordingly, we made a point mutant of the phosphorylation site 
of GPNMB by replacing the serine with an alanine (A) residue (ie, 
GPNMB[SA]). Cells overexpressing GPNMB(SA) significantly re-
duced tumorigenic growth in terms of sphere formation in vitro and 
tumor growth in vivo, stemness- related gene expression, and cellu-
lar migration. Furthermore, we found that growth factors such as 
epidermal growth factor (EGF) and fibroblast growth factor (FGF)- 2, 
which are supplemented in the sphere culture medium, induce the 
phosphorylation of S530 through the activation of the oncoproteins 
RAS and RAF.

2  | MATERIAL S AND METHODS

2.1 | Cells and cell culture

For the present study, 293T, BT- 474, Hs578T, MCF7, MDA- MB- 157, 
MDA- MB- 231, and NMuMG cells were obtained from the ATCC. 
These cells were cultured in DMEM (Invitrogen) supplemented with 
10% FBS (Gibco- Thermo Fisher), penicillin G (100 U/mL), and strep-
tomycin sulfate (0.1 mg/mL, Wako). Insulin (10 μg/mL, Wako) was 
supplemented only for Hs578T cells. Puromycin (1 μg/mL, Sigma- 
Aldrich) was used to select MCF7 and NMuMG cells showing stable 
expression of GPNMB(WT) or GPNMB(SA).9

2.2 | DNA construction and transfection

The genes pCAGIP- mouse GPNMB- FLAG/HA and pcDNA3- HA- 
rat ERK2 (L73P/S151D) have been described previously.9,18 Human 
GPNMB was amplified by PCR, and human GPNMB(S530A) 
and mouse GPNMB(S546A) mutants were constructed by 
PCR- based mutagenesis using the following primers: for hu-
mans (Forward) 5′- AAAGGCCTGGCTGTCTTTCTC- 3′, (Reverse) 
5′- GAGAAAGACAGCCAGGCCTTT- 3′; for mice (Forward) 5′- AG

GGCAAGGGCCTGGCTGTTCTCCTCAGTC- 3′, (Reverse) 5′- GAC
TGAGGAGAACAGCCAGGCCCTTGCCCT- 3′. The obtained DNA 
was cloned into a pCAGIP- FLAG/HA- expressing vector. The ex-
pression constructs encoding human BRAF have been described 
previously.19 The BRAF(V600E) mutant was constructed by PCR- 
based mutagenesis using the following primers: (Forward) 5′- G
GCACCAGAAGAGATCAGAATGCAA- 3′, (Reverse) 5′- TTGCAT
TCTGATCTCTTCTGGTGCC- 3′. The expression constructs en-
coding rat MEK1 (S218D/S222D), which have been described 
previously,19 were cloned into a pcDNA3- HA- expressing vec-
tor. Mouse HRAS(G12V) mutant was constructed by PCR- based 
mutagenesis using the following primers: (Forward) 5′- ACAG
AATACAAGCTTGTGGTGGTGGGCGCTGTAGGC- 3′, (Reverse) 
5′- TCAGGACAGCACACATTTGC- 3′. The obtained DNA was 
cloned into a pCAGIP- HA- expressing vector. These constructs 
were transfected into cells using PEI Max (Polysciences Asia- 
Pacific). To establish stably expressing cell lines from MCF7 
or NMuMG, cells were transfected with the plasmid using 
Lipofectamine3000 (Invitrogen) as described previously.9

2.3 | Antibody establishment

We used a custom P- site rabbit antibody service (YenZym Antibodies 
LLC) to establish the anti– pGPNMB(S530) antibody. CVRSKGL- pS- 
VFLNRAK peptides, which were conjugated with KLH, were injected 
into a rabbit. Antibodies that recognize pGPNMB(S530) were pu-
rified from rabbit sera by purification against the phosphorylated 
peptide and affinity absorption against the non– phosphorylated 
peptide.

2.4 | Quantitative real- time PCR

Total RNA was isolated using ISOGEN II (Nippon Gene). Real- Time 
PCR was performed using GeneAce SYBR quantitative real- time 
PCR (qPCR) mix α Low ROX (Nippon Gene) and the ABI7500 Fast 
Sequence Detection system (Applied Biosystems). All samples were 
run in triplicate in each experiment. Primers are listed in Table S1.

2.5 | SDS- PAGE and immunoblot analysis

The protein samples were subjected to SDS- PAGE. The samples 
were then electrotransferred to PVDF membranes (Millipore) and 
subjected to immunoblot analysis. The following primary antibodies 
were used: E- cadherin (610 181, BD Transduction, 1:2500), fibronec-
tin (sc- 8422, Santa Cruz Biotechnology, 1:200), GPNMB (AF2550, 
R&D Systems, 1:2000), pGPNMB(S530) (YenZym Antibodies LLC, 
1:70), HA epitope tag (3F10, Roche Applied Sciences, 1:1000), and 
β- actin (010- 27841, Sigma- Aldrich, 1:5000). The reacted antibodies 
were detected with HRP- conjugated anti– mouse IgG, anti– rabbit 
IgG, anti– rat IgG (GE Healthcare, 1:10 000), or anti– goat IgG (Dako, 



     |  4189WANG et Al.

1:10 000) secondary antibodies and visualized on an AE- 9300H Ez- 
Capture MG chemiluminescence imaging system (ATTO).

2.6 | Protein phosphatase treatment

293T cells were transfected with pCAGIP- human GPNMB(WT)- 
FLAG/HA and cell lysates were immunoprecipitated with anti– FLAG 
(M2, Sigma- Aldrich). Samples were then treated with 0 or 400 U 
of lambda protein phosphatase (New England Biolabs) at 37°C for 
30 minutes in the manufacturer’s recommended reaction buffer.

2.7 | Immunofluorescence staining

The cells were cultured on glass coverslips and then fixed in 4% 
formaldehyde, after which we used 0.3% Triton X- 100 for per-
meabilization and 1% BSA in PBS for blocking. Antibodies against 
GPNMB (AF2550, R&D Systems, 1:200) and E- cadherin (610181, 
BD Transduction, 1:200) were used as primary antibodies. The cells 
were then incubated with Alexa 488- labeled anti– goat IgG or Alexa 
488– labeled anti– mouse IgG (Molecular Probes, Invitrogen, 1:500). 
Propidium iodide (PI) solution was used for nuclei staining. We used 
a laser scanning microscope (model TCS SP8, Leica Microsystems) 
for detection and imaging.

2.8 | Transwell migration

Thirty thousand cells were seeded into a Transwell chamber (8- μm 
pore) (Corning). After 16 hours, the cells were fixed with 3.7% for-
maldehyde and stained with 0.5% crystal violet. Four high power 
fields of the lower surface of each Transwell membrane were photo-
graphed, and the migrated cells were counted.

2.9 | Sphere formation

Five thousand cells were cultured in DMEM/F12 medium (Sigma- 
Aldrich) supplemented with B- 27 (20 μL/mL, Invitrogen), EGF 
(20 ng/mL, Sigma- Aldrich), and FGF- 2 (20 ng/mL, Wako) in each 
ultra- low attachment culture plate (6- well; Corning). The number of 
the spheres was counted on day 7.

2.10 | Tumor formation

Five million cells were injected subcutaneously into 6- week- old 
female BALB/cAJcl- nu/nu mice (CLEA Japan). Mice were killed 
at 8 weeks after injection, and the tumor grafts were obtained. 
The tumor volumes were approximated using the following for-
mula: volume = 0.5 × a × b2. The a and b are the lengths of the 
major and minor axes, respectively. All the animal experiments 

were performed with the approval of the Animal Ethics Committee 
of the University of Tsukuba and in accordance with the univer-
sity’s animal experiment guidelines and the provisions of the 1995 
Declaration of Helsinki.

2.11 | Immunohistochemical staining

The paraffin- embedded tissue sections were deparaffinized in xy-
lene, rehydrated in ethanol, and immersed in citrate- NaOH buffer 
(10 mmol L−1 sodium citrate, pH 6.0) at 121°C for 20 minutes. 
After retrieval of antigenicity, the nonspecific antibody reaction 
was blocked in blocking solution (Perkin Elmer Life Science), and 
the samples were incubated with antibodies against E- cadherin 
(610181, BD Biosciences, 1:100) or Ki- 67 (ab15580, Abcam, 
1:500). After the sections had been washed, the reacted antibod-
ies were detected using the Dako EnVision + System/HRP (DAB) 
(DakoCytomation).

2.12 | Liquid chromatography- mass spectrometry

The cell lysates were immunoprecipitated by anti– FLAG and 
the resulting precipitate samples were subjected to SDS- PAGE 
for purification. Samples were stained with Coomassie Brilliant 
Blue and extracted from the gel. After decolorization of the gel, 
acetonitrile was added, and the gel was sonicated until it turned 
white and was dry. Each sample was reduced in 20 mmol L−1 DTT 
and 50 mmol L−1 ammonium bicarbonate at 50°C, after which 
they were alkylated in 50 mmol L−1 iodoacetamide and 50 mmol 
L−1 ammonium bicarbonate at room temperature in the dark. After 
the sample was washed, acetonitrile was added, and the sample 
was dehydrated by sonication. The samples were then digested 
by MS- grade trypsin (20 ng/µL trypsin in 50 mmol L−1 ammonium 
bicarbonate) and washed in 50 mmol L−1 ammonium bicarbonate 
at 37°C overnight. The samples were dehydrated in elution solu-
tion (5% formic acid, 40% acetonitrile). This mixture was filtered 
through using a 0.45- µm filter and then condensed to approxi-
mately 20 µL using a centrifugal concentrator. The resulting pep-
tides were analyzed using a nanoACQUITY ultrahigh performance 
liquid chromatography system (nanoUPLC; Waters) equipped with 
a BEH130 nanoACQUITY C18 column (100- mm long, 75- µm i.d., 
1.7- µm particle diameter), which was kept at 35°C. Mobile phase 
A (water containing 0.1% (v/v) formic acid) and mobile phase B 
(acetonitrile containing 0.1% (v/v) formic acid) were mixed in a 
linear fashion using a gradient program. The flow rate was 0.3 µL/
min, and the mobile phase composition was as follows: initially at 
3% B, which was held for 1 minute, then linearly increased over 
74 minutes to 40% B, which was maintained for 4 minutes, then 
linearly increased over 1 minute to 95% B, which was maintained 
for 5 minutes, then linearly decreased over 1 minute to 3% B. The 
total runtime, including conditioning the column at the initial con-
ditions, was 100 minutes. The eluted peptides were transferred 
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to the nano- electrospray source of a Synapt high- definition Q- 
TOF mass spectrometer (Waters) through a Teflon capillary union 
and a precut PicoTip (Waters). The system was controlled, and 
the mass spectral data was analyzed using MassLynx version 4.1 
software (Waters). The mass spectrometer was set at electro-
spray ionization with a capillary voltage of 3.5 kV and a sampling 
cone voltage of 40 V. A low collision energy (6 eV) was used to 
generate intact peptide precursor ions, and an elevated collision 
energy (stepped from 15 to 30 eV) was used to generate peptide 
product ions. The source temperature was 100°C, and the detec-
tor was operated in positive ion mode. Data were collected in 
centroid mode, and the m/z range was 50- 1990. All analyses were 
acquired using an independent reference. Glu- 1- fibrinopeptide B 
(m/z 785.8426), which was used as an external mass calibrant, 
was infused through the nanoLockSpray ion source and sampled 
every 10 s. Biopharmlynx version 1.2 software (Waters) was used 
to perform the database searches.20

2.13 | Statistical analysis

Quantitative data were expressed as means ± SD. The statistical 
analyses were performed using one- way or two- way ANOVA with 
Tukey’s multiple comparison test and GraphPad Prism 7 software 
(GraphPad). Probability values at P <.05 were considered significant.

3  | RESULTS

3.1 | Serine phosphorylation of glycoprotein non– 
metastatic melanoma protein B and construction of a 
phosphorylation site mutant

In the present study, we investigated the role of S530 in the intra-
cellular domain of human GPNMB isoform b in GPNMB- induced 
tumorigenic abilities. This serine residue is predicted to be phos-
phorylated, according to data from the ELM database,17 and is 
conserved in both humans and mice (Figure 1A). To examine the 
phosphorylation of S530, we established an anti– S530 phospho-
rylated GPNMB (pGPNMB) antibody. This antibody could rec-
ognize GPNMB when it is transiently expressed in 293T cells. In 
contrast, the lambda protein phosphatase treatment reduced the 
antibody binding (Figure 1B). Furthermore, we confirmed the 
phosphorylation of S530 by ULPC- MS analysis using the purified 
human GPNMB protein that is expressed in 293T cells (Figure 1C 
and Table 1). To investigate the impact of S530, we constructed a 
point mutant, GPNMB(SA). The antibody bound to GPNMB(SA) to 
a much lesser degree than it did to wild- type (WT) GPNMB when 
they were expressed in 293T cells (Figure 1D). GPNMB(SA) overex-
pressing cell lines were established from a human breast cancer cell 
line, MCF7 (Figure 1E), and localization of GPNMB(SA) is compa-
rable with that of GPNMB(WT) (Figure S1A). In addition, we made 
a mouse GPNMB(SA) mutant, which was stably expressed in the 

mouse mammary gland epithelial cell line, NMuMG (Figure 1F). The 
localization pattern was not affected by point mutation, similarly 
with MCF7- GPNMB(SA) cells (Figure S1B).

3.2 | GPNMB(SA) mutants impair sphere 
formation and tumor growth

The tumorigenic potential of GPNMB(SA) was assessed in terms of 
sphere formation in vitro and tumor growth in vivo. We performed 
sphere forming assays to investigate the impact of serine residues 
(S530 and S546 in human and mouse GPNMB, respectively). As 
shown in Figure 2A, human GPNMB(SA)- expressing MCF7 cell 
lines showed significantly lower sphere- forming ability than those 
of MCF7- GPNMB(WT) cell lines. Similar results were obtained in 
mouse GPNMB(SA)- expressing NMuMG cell lines (Figure 2B). To 
confirm the importance of serine phosphorylation of GPNMB, we 
constructed a point mutant to mimic serine phosphorylation by 
replacing the serine residue with an aspartic acid (D) residue and 
named this point mutant GPNMB(SD). We established stably ex-
pressing cell lines from MCF7 and NMuMG cells (Figure S2A, B). The 
sphere- forming ability of GPNMB(SD)- expressing cells was compa-
rable with those of GPNMB(WT)- expressing cells in the presence of 
EGF or FGF- 2 and significantly higher than those of GPNMB(SA)- 
expressing cells in both MCF7 and NMuMG cell lines (Figure S2C, D). 
Moreover, GPNMB(SA) expression significantly reduced the size of 
tumors after we subcutaneously injected NMuMG- mock, NMuMG- 
GPNMB(WT), and NMuMG- GPNMB(SA) cells into immunodeficient 
mice (Figure 2C- E). The tumors derived from NMuMG- GPNMB(WT) 
cells did not show any tubular structures, whereas those of 
NMuMG- mock or NMuMG- GPNMB(SA) cells formed differentiated 
tubular structures (Figure 2F). We then examined the proliferation 
marker, Ki- 67. Ratios of Ki- 67- positive cells were higher in the tumor 
of NMuMG- GPNMB(WT) cells than those of NMuMG- mock or 
NMuMG- GPNMB(SA) cells (Figure 2G), indicating that GPNMB(SA) 
expression reduces cellular proliferation in vivo. In addition, we 
examined the expression of the adherence molecule, E- cadherin, 
given that we had previously reported that the tumors of NMuMG- 
GPNMB(WT) cells have no E- cadherin expression.9,10 Interestingly, 
GPNMB(SA) expression failed to decrease E- cadherin expression 
in the tumors (Figure 2H). These results indicate that the serine 
phosphorylation of GPNMB plays an important role in tumorigenic 
growth, as evidenced in sphere formation in vitro and tumor growth 
in vivo induced by GPNMB. In contrast, neither GPNMB(WT) nor 
GPNMB(SA) affected the monolayer cell proliferation of MCF7 cells 
and NMuMG cells (Figure S3A, B).

3.3 | GPNMB(SA) mutant decreases expression 
levels of stemness- related genes

In our previous study, we reported that 3D sphere- cultured 
cells show higher mRNA expression levels of stemness- related 
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genes.14 Here, we cultured MCF7- mock, MCF7- GPNMB(WT), 
and MCF7- GPNMB(SA) cells under 2D monolayer or 3D sphere 
culture condition to compare the mRNA expression levels of 
stemness- related genes, such as SOX2, NANOG, OCT4, and 
CD44. The expression level of each of three of these genes 
(SOX2, OCT4, and CD44) was enhanced in the 3D- cultured 
spheres of MCF7- GPNMB(WT) cells compared to those in 

the 2D monolayer cultured cells. The exception was NANOG, 
which was highly induced, even in MCF7- mock cells. By con-
trast, MCF7- GPNMB(SA) cells had lower expression lev-
els for stemness- related genes, even in 3D cultured spheres 
(Figure 3A- D). Similar results were obtained in NMuMG- 
GPNMB(WT) and NMuMG- GPNMB(SA) cells (Figure 3E- 
H). These results indicate that the serine residue in the 

F I G U R E  1   Detection of serine phosphorylation of glycoprotein non– metastatic melanoma protein B (GPNMB) and construction of a 
phosphorylation site mutant. A, Serine residue (S) marked with red square is conserved among species. B, 293T cells were transfected with 
human GPNMB(WT) and the lysates were immunoprecipitated and treated with or without lambda protein phosphatase. Immunoblotting 
for pGPNMB(S530) and total GPNMB was performed. C, The purified human GPNMB(WT) protein derived from transiently expressed 293T 
cells was digested by trypsin and analyzed using the nanoUPLC- MS system. MSE data are shown in Table 1. D, 293T cells were transfected 
with human GPNMB(WT) or GPNMB(SA) mutant. Immunoblotting for pGPNMB(S530) and total GPNMB was performed. β- actin was used 
as a loading control. E, Stably expressing cell lines were established from MCF7 cells. MCF7- mock (m), MCF7- GPNMB(WT) (clones 1 and 2, 
indicated as G1 and G2, respectively), and MCF7- GPNMB(SA) (clones 17 and 19, indicated as SA17 and SA19, respectively). Immunoblotting 
for pGPNMB(S530) and total GPNMB was performed. β- actin was used as a loading control. F, Stably expressing cell lines were established 
from NMuMG cells. NMuMG- mock (m), NMuMG- GPNMB(WT) (clones 3 and 8 indicated as G3 and G8), and NMuMG- GPNMB(SA) (clones 8 
and 10 indicated as SA8 and SA10). Immunoblotting for GPNMB was performed. β- actin was used as a loading control

Position Assignment Calculated mass (Da)
Observed mass 
(Da) Modifiers

528- 537 y10* 1184.6193 1184.6010 Phosphoryl S (1)

a2 143.1184 143.1147

y4 488.2945 488.2970

TA B L E  1   MSE data for phosphorylated 
S peptides in human GPNMB. The purified 
glycoprotein non– metastatic melanoma 
protein B (GPNMB) protein was digested 
by trypsin and analyzed by nanoUPLC- MS 
system
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intracellular domain of GPNMB is essential for the induction 
of stemness- related genes in the 3D- cultured spheres. Taken 
together, our current results suggest that the GPNMB- induced 

tumorigenic potential is dependent on the serine phosphoryla-
tion of GPNMB, without which the GPNMB cannot induce can-
cer stem- like properties.

F I G U R E  2   Impact of serine residue in sphere formation and tumor growth ability of glycoprotein non– metastatic melanoma protein 
B (GPNMB). A, Sphere formation of MCF7- mock, MCF7- GPNMB(WT) (G1 and G2), and MCF7- GPNMB(SA) (SA17 and SA19) cells. Only 
spheres with diameter greater than 100 μm were counted. Data are means ± SD; n = 3 replicates, representative of three independent 
experiments. ****P < .0001, one- way ANOVA with Tukey’s multiple comparison test. Scale bar, 100 μm. B, Sphere formation of NMuMG- 
mock, NMuMG- GPNMB(WT) (G3 and G8), and NMuMG- GPNMB(SA) (SA8 and SA10) cells. Only spheres with diameter greater than 50 μm 
were counted. Data are means ± SD; n = 3 replicates, representative of three independent experiments. ***P < .001, ****P < .0001, one- way 
ANOVA with Tukey’s multiple comparison test. Scale bar, 100 μm. C- E, Tumor growth of NMuMG- mock, NMuMG- GPNMB(WT) (G3), and 
NMuMG- GPNMB(SA) (SA8 and SA10) cells was examined by subcutaneous injection into immunodeficient mice. Data are presented as 
mean ± SD; n = 4. ***P < .001, ****P < .0001, one- way ANOVA with Tukey’s multiple comparison test. F- H, Histological analysis of xenograft 
tumors using different types of staining: H&E staining (F), immunostaining with anti– Ki- 67 antibody (G), and immunostaining with anti– E- 
cadherin antibody (H). Scale bar, 50 μm. GPNMB, glycoprotein non– metastatic melanoma protein B
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3.4 | GPNMB(SA) fails to induce epithelial- 
mesenchymal transition in NMuMG cells

NMuMG cells are frequently used to examine the EMT, and we have 
previously shown that GPNMB(WT) induces EMT phenotypic changes 
in NMuMG cells.9 In addition, as shown in Figure 2H, the remain-
ing expression of E- cadherin in the tumors is derived from NMuMG- 
GPNMB(SA) cells. Therefore, we evaluated the EMT phenotypic 
changes, such as downregulation of the epithelial marker E- cadherin, 
upregulation of the mesenchymal marker fibronectin, and cellular mi-
gration in NMuMG- GPNMB(SA) cell lines. GPNMB(SA)- expressing 
cells failed to suppress both mRNA and protein expression levels of 
E- cadherin and enhance fibronectin (Figure 4A- D), while GPNMB(SD) 
suppressed E- cadherin protein expression in NMuMG cells (Figure S2B). 
It seems that GPNMB(SA) even enhances the expression of E- cadherin 
compared to that of NMuMG- mock cells (Figure 4A, C, D). Furthermore, 
the result of the Transwell migration assay showed that GPNMB(SA) 
impairs cellular migration in contrast to GPNMB(WT) in NMuMG and 
MCF7 cells (Figure 4E and S4). In addition, the mRNA expression lev-
els of EMT- related transcription factor genes, such as Snail, Slug, and 
Zeb1, in NMuMG- GPNMB(SA) cells were lower than levels in NMuMG- 
GPNMB(WT) cells (Figure 4F- H). These results indicate that the serine 
residue in GPNMB is important to induce EMT in NMuMG cells.

3.5 | Growth factor signaling induces the serine 
phosphorylation of glycoprotein non– metastatic 
melanoma protein B

To investigate the mechanism of S530 phosphorylation, we fo-
cused on growth factors, namely EGF and FGF- 2, because these 

growth factors are supplemented in the sphere culture medium 
and GPNMB(WT) showed comparable induction of sphere- forming 
ability to that of GPNMB(SD) mutation; however GPNMB(SA) mu-
tation significantly attenuated sphere formation in both MCF7 and 
NMuMG cell lines (Figure 2A, B and S2C, D). 293T cells were trans-
fected with human GPNMB(WT) and treated with EGF or FGF- 2 for 
the indicated time periods. The level of pGPNMB(S530) increased 
gradually depending on the treatment time (Figure 5A, B). In con-
trast, the phosphorylation level of GPNMB(SA) was not enhanced 
by FGF- 2 and, in the case of a FGFR downstream molecule, ERK1/2, 
phosphorylation was observed (Figure S5). As shown in Figure 5C 
and D, phosphorylation and total protein levels of endogenous 
GPNMB in the human breast cancer cell line, MDA- MB- 231, were 
slightly increased by EGF and FGF- 2 treatment. These results sug-
gest that receptor tyrosine kinase (RTK) signaling is involved in the 
serine phosphorylation of GPNMB. Therefore, we co– transfected 
the downstream oncoproteins RAS, RAF, MEK1, and ERK2 and 
their constitutive active forms with GPNMB(WT) in 293T cells and 
investigated which molecule is responsible for GPNMB(S530) phos-
phorylation. We found that constitutive active forms of RAS(G12V) 
and RAF(V600E) further enhanced the pGPNMB(S530) levels, al-
though expression of GPNMB(WT) alone yields GPNMB(S530) 
phosphorylation (Figure 5E). Furthermore, both phosphorylation 
and total protein levels of endogenous GPNMB were slightly in-
creased when MDA- MB- 231, Hs578T, MDA- MB- 157, and BT- 474 
cells were transiently transfected with RAS(G12V) (Figure 5F). 
Although further investigations are required to understand the 
mechanism, total protein levels of GPNMB are increased by RAS 
activation or the phosphorylated GPNMB protein is more stable 
than the non– phosphorylated GPNMB protein. These results sug-
gest that RTK signaling induces serine phosphorylation of GPNMB, 

F I G U R E  3   Expression levels of stemness- related genes in 2D- cultured or 3D- cultured cells. A- H, mRNA expression levels of SOX2 (A, 
E), NANOG (B, F), OCT4 (C, G), and CD44 (D, H) in 2D monolayer cultured (2D) or 3D sphere cultured (3D) cells of MCF7- mock, MCF7- 
GPNMB(WT) (G1 and G2), MCF7- GPNMB(SA) (SA17 and SA19) (A- D), NMuMG- mock, NMuMG- GPNMB(WT) (G3 and G8), and NMuMG- 
GPNMB(SA) (SA8 and SA10) (E- H) were analyzed by quantitative PCR and normalized to those levels of β- actin. Data are presented as 
mean ± SD; n = 3. n.s., not significant, ****P < .0001, two- way ANOVA with Tukey’s multiple comparison test. Data are representative of 
three independent replicates. GPNMB, glycoprotein non– metastatic melanoma protein B
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and its downstream molecules, RAS, and RAF, are responsible for 
this process.

4  | DISCUSSION

In this study, we demonstrated that the serine residue in the intra-
cellular domain of GPNMB is critical for tumorigenic potential, as 
indicated by sphere formation in vitro, tumor formation in vivo, and 
the enhancement of stemness- related gene expression (Figures 2, 3 
and S2). Furthermore, we showed that the serine residue is impor-
tant for EMT induction and cellular migration mediated by GPNMB 
(Figure 4 and S4). In addition, we found that this serine phospho-
rylation is induced by activation of the RTK signaling upon EGF and 
FGF- 2 stimulation through the activation of downstream molecules; 
namely, RAS and RAF (Figure 5 and S5).

Protein phosphorylation, which occurs mainly on serine, thre-
onine, and tyrosine residues, is one of the post- translational mod-
ifications of proteins and affects the activity of the protein. We 
previously showed that the tyrosine residue in the intracellular 
domain of GPNMB is important for its tumorigenic activity.9,14,15 

Moreover, Lin et al demonstrated the clinical significance of this ty-
rosine residue in breast cancer patients. It has been reported that the 
ELM database predicts several functional motifs in the intracellular 
domain of GPNMB, including one phosphorylation site in GPNMB.17 
However, reliable experimental evidence of serine phosphorylation 
of GPNMB is lacking, and the present study is the first to report that 
S530 in human GPNMB isoform b and S546 in mouse GPNMB are 
phosphorylated and affect tumorigenic potential.

RTK signaling is activated upon ligand stimulation, and intracel-
lular signaling pathways become active and regulate multiple cellular 
processes, such as cell survival, proliferation, and cellular migration 
and invasion.21- 23 We focused on EGF and FGF- 2, which are sup-
plemented in the sphere culture medium, and showed that EGF 
and FGF- 2 stimulation enhances pGPNMB(S530). The data shown 
indicate that EGF and FGF- 2 induce pGPNMB(S530) through acti-
vation of RAS and RAF but not MEK1 and ERK2 (Figure 5). These 
findings suggest that EGF and FGF- 2 stimulate the serine phos-
phorylation of GPNMB in sphere culture condition and are asso-
ciated with the transcription of stemness- related genes, such as 
SOX2, NANOG, OCT4, and CD44 (Figure 3). We know that one of 
the signaling pathways downstream of RTK, RAS/RAF/MEK/ERK, 

F I G U R E  4   Importance of the serine residue in epithelial- mesenchymal transition induction and cell migration of glycoprotein non– 
metastatic melanoma protein B (GPNMB) protein. A,B, mRNA expression levels of Cdh1 (A) and fibronectin (B), in NMuMG- mock, NMuMG- 
GPNMB(WT) (G3 and G8), and NMuMG- GPNMB(SA) (SA8 and SA10) cells were measured by quantitative PCR (qPCR) and normalized to 
those levels of β- actin. Data are presented as mean ± SD; n = 3. ****P < .0001, one- way ANOVA with Tukey’s multiple comparison test. C, 
Immunoblotting for E- cadherin and fibronectin in NMuMG- mock, NMuMG- GPNMB(WT) (G3 and G8), and GPNMB(SA) (SA8 and SA10) cells 
was performed. β- actin was used as a loading control. D, Immunofluorescence staining of E- cadherin (green) in NMuMG- mock, NMuMG- 
GPNMB(WT) (G3 and G8), and NMuMG- GPNMB(SA) (SA8 and SA10) cells. Nuclei were counterstained with propidium iodide (red). Scale 
bar, 20 μm. E, Migration of NMuMG- mock, NMuMG- GPNMB(WT) (G3), and NMuMG- GPNMB(SA) (SA8 and SA10) cells was examined 
by Transwell migration assay. Data are presented as mean ± SD, n = 3 replicates, representative of three independent experiments. 
****P < .0001, one- way ANOVA with Tukey’s multiple comparison test. Scale bar, 100 μm. F- H, mRNA expression levels of Snail (F), Slug (G), 
and Zeb1 (H) in NMuMG- mock, NMuMG- GPNMB(WT) (G3 and G8), and NMuMG- GPNMB(SA) (SA8 and SA10) cells were analyzed by qPCR 
and normalized to those levels of β- actin. Data are presented as mean ± SD; n = 3. **P < .01, ***P < .001, ****P < .0001, one- way ANOVA 
with Tukey’s multiple comparison test. Data are representative of three independent replicates
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which is considered a classic MAPK pathway, regulates cell prolif-
eration, is involved in stemness regulation and tumor growth, and 
also regulates drug resistance in cancers24- 27. Although RAS acti-
vation caused by genetic mutations is frequently found in several 
cancers, including lung, colorectal, and pancreatic cancers, as well 
as melanoma, the RAS mutation rate in breast cancers is not high. 
The frequency of mutations in RAS family proteins is less than 8% 
in breast cancer patients.28- 30 In this study, we used MDA- MB- 231 
cells with KRAS and BRAF mutations (Figure 5C, D, F) and Hs578T 
with HRAS mutation (Figure 5F).31- 34 pGPNMB(S530) is present 
without any stimuli; however, we found further enhancement of 
phosphorylation levels and total GPNMB when we treated cells with 
EGF or FGF- 2 or overexpressed HRAS(G12V) in MDA- MB- 231 and 
Hs578T cells. Furthermore, pGPNMB(S530) was induced by exog-
enous HRAS(G12V) overexpression in MDA- MB- 157 and BT- 474 
cells with wild- type endogenous RAS and RAF (Figure 5F). These 
results suggest that RTK signaling through RAS activation induces 
GPNMB(S530) phosphorylation in breast cancer cell lines. Previously, 
Rose et al (2017) demonstrated that inhibition of the MAPK signaling 

pathway increases GPNMB protein expression in several melanoma 
cell lines with NRAS or BRAF mutations because BRAF and MEK 
inhibitors increase the expression of the microphthalmia- associated 
transcription factor (MITF), resulting in enhancement of GPNMB ex-
pression.35 Together with our current results, the MAPK signaling 
pathway might be involved in the regulation of both GPNMB protein 
amounts and phosphorylation levels in different types of cancer.

The phosphorylation site of phosphorylase kinase (PHK) has 
been identified as (R/K) XXS (V/I) XX, where X is any residue phos-
phorylation site and is found in both human and mouse GPNMB 
(Figure 1A). PHK is a first characterized kinase, which regulates gly-
cogen phosphorylase to release glucose- 1- phosphate from glycogen 
and is a substrate of cAMP- dependent protein kinase (protein kinase 
A or PKA).36,37 One of its regulatory subunits, the β subunit (PHKB), 
has been reported to promote cell survival of colorectal cancer cells 
due to the regulation of glycogen metabolism and has been shown 
to be a prognostic factor in colorectal cancer patients.38,39 In hepa-
tocellular carcinoma, in contrast, PHKB inhibits cellular proliferation 
and tumor growth in vivo through suppression of AKT and STAT3 

F I G U R E  5   Effect of tyrosine 
kinase receptor signaling on the serine 
phosphorylation of glycoprotein non– 
metastatic melanoma protein B (GPNMB) 
protein. A,B, 293T cells were transfected 
with human GPNMB(WT) and treated 
with 10 ng/mL of EGF (A) or 10 ng/mL of 
FGF- 2 (B), for the indicated time periods. 
Immunoblotting for pGPNMB(S530) and 
total GPNMB was performed. β- actin was 
used as a loading control. Intensities of 
the bands are quantified by Image J and 
normalized to those intensities of β- actin. 
C,D, MDA- MB- 231 cells were treated 
with 10 ng/mL of EGF (C) or 10 ng/mL of 
FGF- 2 (D) for the indicated time periods. 
Immunoblotting for pGPNMB(S530) and 
total GPNMB was performed. β- actin was 
used as a loading control. Intensities of 
the bands were quantified by Image J and 
normalized to those intensities of β- actin. 
E, 293T cells were transfected with HA- 
tagged RAS (G12V), BRAF (V600E), MEK1 
(S218D/S222D), and ERK2 (L73P/S151D). 
Immunoblotting for pGPNMB (S530), 
total GPNMB, and HA was performed. F, 
MDA- MB- 231, Hs578T, MDA- MB- 157, 
and BT- 474 cells were transfected with 
HA- RAS (G12V). Immunoblotting for 
pGPNMB(S530), total GPNMB, and HA 
was performed. β- actin was used as a 
loading control. Intensities of the bands 
are quantified by Image J and normalized 
to those intensities of β- actin



4196  |     WANG et Al.

signaling pathways.40 The role of PHK in breast cancer has not been 
reported on, but it would be interesting to examine the involve-
ment of PHK in GPNMB serine phosphorylation and tumorigenesis. 
Furthermore, we identified phosphorylated S519 in human GPNMB 
isoform b through UPLC- MSE analysis (Figure S6 and Table S2). 
Therefore, it would be interesting to examine the effect of this S519 
on GPNMB tumorigenic potential.

Protein phosphorylation is involved in many biological processes 
and is highly activated, especially in cancer cells.41- 43 Therefore, 
forms of protein kinase are the most important therapeutic targets 
in cancer treatment; many FDA- approved drugs have been devel-
oped on this basis, such as, imatinib, crizotinib, erlotinib, gefitinib, 
and vemurafenib.37,44 However, resistance to those drugs is among 
the biggest problems to solve.37,45 The potential of GPNMB as a 
therapeutic target has been assessed and demonstrated in several 
types of cancers, including breast cancer by using glembatumumab 
vedotin, an antibody against human GPNMB conjugated with an 
anticancer drug (monomethyl auristatin E).6- 8 In addition, based on 
the findings in the present study, we believe that blockage of the 
S530 of GPNMB, which is downstream of RTK signaling, is a poten-
tial therapeutic strategy, instead of targeting protein kinase itself. 
Because GPNMB demonstrates essential tumorigenic function in 
growth- arrested cancer cells, there may be less risk of generating 
drug- resistant mutations.
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